Lobopodium is a hyaline cytoplasmic protrusion which rotates circumferencially around a cell. This movement is called circus movement, which is seen in dissociated cells of amphibian embryos. Relative abundance of the lobopodia-forming cells changes temporally and spatially within Xenopus embryos, reflecting stage-dependent difference of morphogenetic movements. The lobopodia-forming activity of dissociated animal cap cells was stimulated strongly by activin and bFGF, and weakly by TGF-82. In addition, activin A was found to stimulate cellular attachment to the substratum when the cultivation lasted long. Thus, mesoderrn-inducing growth factors stimulate lobopodia formation and cellular movements which may be necessary for gastrulation and neurulation in Xenopus early embryos.
Introduction
When amphibian embryos are dissociated into cells in Ca2+-free medium, these cells form hyaline blebs called lobopodia on the cell surface, and these lobopodia rotate circumferencially around the cell. This lobopodia movement is called circus movement (Johnson, 1976; Satoh et al., 1976) . Embryonic cells of other vertebrates such as medaka and Fundulus also perform circus movement (Kageyama, 1987; Trinkaus, 1973) . This movement may reflect the activity of embryonic cells to take part in morphogenesis (Keller, 1981) . Morphogenesis is induced by several growth factors (Melton, 1991; Gurdon et al., 1993) , which also induce cell motility (SeppH et al., 1982; Stocker et al., 1987; Furlong et al., 1991) . Peptide growth factors like activin A (Albano et al., 1990; Asashima et al., 1990; Smith et al., 199Ob) , bFGF (Slack et al., 1987) , TGF-62 (Rosa et al., 1988) and bone morphogenetic proteins (Dale et al., 1992) act as mesoderm-inducing factors. Xenopus animal cap is used to study the activity of those mesoderm-inducing factors (Smith, 1987) . Since mesodermalizing cells migrate within the developing embryo to form the axial structure for the future body plan, it is interesting to ask whether these mesoderm-inducing growth factors have the activity to induce cell motility on early amphibian embryonic cells.
There are a few recent studies on motility-stimulating effect of growth factors. Howard and Smith (1993) reported that activin, bFGF and BMP4 stimulate the activity of animal cap cells to spread and migrate on tibronectin-coated substratum. Symes et al. (1994) reported that activin affects the morphology of animal cell caps. To extend the study on the activity of peptide growth factors as mitogen in developmental processes, we here examined the motility of dissociated cells of Xenopus embryos by counting the number of cells that formed lobopodia and performed circus movement in the presence or absence of exogenously added growth factors. The results obtained showed that mesoderminducing growth factors such as activin, bFGF and TGF-82 stimulate the formation of lobopodia and induce circus movement in isolated animal cap cells.
Results and discussion
There were few lobopodia cells in cultures of dissociated cells derived from both animal cap and marginal zone at midblastula and late blastula stages. Lobopodia cells in marginal zone, however, dramatically increased in number when gastrulation starts. In contrast, most of cells from animal cap region did not form lobopodia even at early to mid-gastrula stages (until 12 h after fertilization) and the number of lobopodia cells remained very small for 6-7 h, until it started to increase at and after the yolk plug stage (stage 12). These results are summarised in Fig. 1 . Newport and Kirschner (1982) previously pointed out that cells acquire motility at the MBT (midblastula transition) stage. The results in Fig. 1 show that only a small population of cells, however, acquire the ability to form lobopodia at the MBT. The first abrupt increase in the relative number of lobopodia cells in the marginal zone observed in early gastrula stage may be correlated to the 
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A initiation of gastrulation movement, particularly to the invagination (cf. Howard and Smith, 1993) . At the stages of yolk plug to neural plate formation, there occurred another rise in the number of lobopodia cells in the mesoderm region, which was accompanied by a sharp rise in the number of lobopodia-forming cells also in animal cap region. This second rise may be correlated Growth factor concentration (ng/ml) to the initiation of neurulation, during which cells at in the dose-response between activin A and bFGF may animal cap region also take part in the formative movereflect the difference in the roles that these two play in ments such as the formation of neural fold and neural the course of the formation of mesodermal structures plate.
(cf. Howard and Smith, 1993) . Motile cells increased in number when blastula animal cap cells were treated with activin A or bFGF. Motility of cells treated with TGF-/32 also increased, but only a little (Fig. 2A) . The outer appearance of such motile cells is shown in the micrograph (Fig. 3B) , in which many of the activin-treated cells are shown to form lobopodia and to exhibit circus movement. Initiation of circus movement of cells treated with bFGF was about 30 min earlier than that with activin (data not shown). After more than 10 h of the treatment with activin, the percentage of lobopodia cells decreased and, instead, the percentage of cells attaching to the substratum increased greatly (Fig. 3B) . In the cells treated with bFGF for 24 h, the percentage of the lobopodia cells increased to about 50% but practically no cells attached to the substratum (data not shown). These observations suggest that the mechanism of the stimulation of cellular attachment to the substratum differs from that of the stimulation of lobopodia formation. No stimulative effect was found on lobopodia formation in the cells treated with PDGF or HGF. TGF-02, PDGF and HGF showed slight but significant stimulating effects on the activity of cells to attach to the substratum at 4-5 h ( Fig. 2A) .
HGF is known to act as a scatter factor in other systems (Weidner et al., 1991; Konishi et al., 1992 ), but we did not detect any stimulating effect of HGF on lobopodia formation in Xenopus animal cap cells. It may be because animal cap cells do not have the receptor of HGF; or, according to the report that HGF acts as a scatter factor by liberating cells from their neighboring cells after breaking the tight junction (Watabe et al., 1993) , animal cap cells of our system missing tight junction between cells may not be stimulated by HGF.
When blastula animal cap cells were treated with 1 ng/ml of either activin, bFGF or TGF-/32, and at 30 or 60 min after, the growth-factor-containing medium was exchanged with the fresh MSS, the effect of the growth factors to stimulate circus movement was much weaker as compared with that observed under the conditions in which growth factors remained throughout the experiments. Furthermore, cells treated with activin in this way did not attach to the substratum even at 24 h.
When animal cap cells were cultured in the continued presence of different concentrations of activin A, bFGF or TGF+2, the activity of activin and TGF-/32 to stimulate lobopodia formation was highest at l-2 ng/ml (Fig.  2B) . On the other hand, bFGF showed a higher activity at 10 @ml than at 1 @ml. Activin A is known to have the ability to increase the activity of cells to express integrin and to stimulate adhesion to extracellular matrix (Winklbauer, 1988; Smith et al., 1990a) . The difference Two symbols show that two materials were given in the same culture. The culture medium was replaced with the fresh one after 60 min of the treatment and the number of lobopodia cells was counted 5 h after the treatment. (B) Effects of 5 &ml actinomycin D and 5 &ml cycleheximide were tested in blastula animal cap cells. The inhibitors were added 20 mm before the addition of activin A (1 n&nl). The medium containing both inhibitors and activin were replaced with the fresh medium 60 mm after the treatment. After cultivation of these cells for another 3 h in the medium which contained neither activin nor the inhibitor, the numbers of lobopodia cells were counted. +Act-D or +cycloheximide means that the culture medium contained activin plus actinomycin D or cycloheximide.
Addition of 10 @ml follistatin to the blastula animal cap cells before the addition of 1 ng/ml activin completely abolished the activity of activin on lobopodia formation (Fig. 4A) . Since follistatin by itself had neither stimulating nor inhibiting effect on lobopodia formation (Fig. 4A) , it is concluded that follistatin inactivates the effect of activin by direct binding to activin (cf. Nakamura et al., 1990) .
To inhibit RNA or protein synthesis almost completely (cf. Shiokawa et al., 1983) , either 5 &ml actinomycin D or 5 pg/rnl cycloheximide was added to the culture of animal cap cells 20 min before the addition of activin A (Fig. 4B) . When cells were treated with actinomycin D, cell division continued and stimulation of lobopodia formation was not inhibited. By contrast, when cells were treated with cycloheximide, lobopodia formation was inhibited almost completely (Fig. 4B) . Therefore, for the stimulation of the lobopodia formation and circus movement by activin to occur, protein synthesis but not new mRNA synthesis may be necessary, at least during the initial 4 h of the treatment.
These results suggest that in the blastula animal cap cells, mRNA necessary for lobopodia formation is present but has to be translated for the stimulation of lobopodia formation. Such mRNAs may have been accumulated until the late blastula stage as maternal mRNA or newly synthesized in the late cleavage stage (cf. Shiokawa, 1991) . In this connection, type IIA and IIB activin receptor mRNAs have been demonstrated to exist in the egg as maternal mRNA (Kondo et al., 1991; Hemmati-Brivanlou and Melton, 1992; Mathews et al., 1992) . Therefore, mRNAs for activin receptors may be possible candidates of mRNAs whose translation is required for the stimulation of circus movement by activin. Another candidate for the mRNA could be that for the homeobox gene, goosecoid, which is induced by activin (Steinbeisser et al., 1993) and is responsible for the stimulation of motility of the cells at the dorsal lip in the process of gastrulation (Niehrs et al., 1993) . However, it is also conceivable that the required mRNAs for translation may be those involved in the motility machinery itself, rather than those involved in the activin response.
Experimental procedures

Preparation and culture of embryonic cells
Early embryos of Xenopus faevis were obtained by fertilization artificially induced by injecting a gonadotropic hormone, gonadotropin (Teikoku Zouki CO.) (Shiokawa and Yamana, 1967) . Embryos were dejellied by treatment with 2.5% cysteine-HCl and cultured in 10% Steinberg's solution until the desired stages (Nieuwkoop and Faber, 1967) .
Parts of embryos were isolated using tweezers, glass needle and hair loop as shown in Fig. 1 (top) . Isolated tissues of embryos were dissociated into individual cells by gentle agitation for lo-40 min in Stearns' dissociation medium (Shiokawa and Yamana, 1967) , which was modified by eliminating EDTA (Ca2+ free modified Steams' solution, MSS). The dissociated cells were transferred into low Ca 2+ MSS which contained 50 PM Ca*+ (Nakatsuji and Johnson, 1982) and 0.5% BSA, and then cultured for varying lengths of time at 21°C in glass dishes without agar. Glass dishes used here were not coated with extracellular matrix such as tibronectin. In this culture, cells were prevented from reaggregating but permitted to divide and survive for at least 24 h (see also Shiokawa et al., 1983) .
In the latter half of the experiments, cells dissociated from blastula animal cap (Smith, 1987) (indicated as dotted region in Fig. 1 (top) ) were used. All media except MSS were sterilised by autoclaving. MSS which contained BSA was sterilized by filtration. Circus movement of cells were examined and filmed under a phase contrast microscope.
Growth factors
Growth factors used in the present experiments were recombinant human activin A (kindly donated by Ajinomoto Co.), bovine recombinant basic FGF (bFGF; Wako Co.), recombinant human TGF-02 (Genzyme Co.). These growth factors were added to the culture of isolated blastula animal cap cells at concentrations of 0.01 @ml to 20 @ml, since blastula animal cap cells were found to have poor motility (see text and Fig. I) . In some experiments, follistatin (kindly donated by Ajinomoto Co.) was added 5 min before the addition of activin A.
